Intraglottal velocity measurements were taken using particle image velocimetry and the corresponding estimates for the intraglottal pressure were computed using the pressure Poisson equation. Results from five canine larynges showed that when the flow separated from the divergent glottal walls during closing, the vortices that were formed in the separated region of the glottis created negative pressure near the superior aspect of the folds. The magnitude of the negative pressure was directly proportional to the subglottal pressure. At low subglottal pressure, negative pressures at the superior edge were not observed when the divergence angle of the wall was minimal and the glottal flow did not separate from the wall.
Introduction
In order to understand the mechanisms of self induced oscillations during vocal fold vibration, an understanding is needed of the forces exerted on the glottal tissue by intraglottal airflow. These forces are produced by intraglottal pressures, which primarily depend on subglottal pressure, intraglottal velocity fields, intraglottal geometry, and vocal tract geometry; this paper focuses on computing the intraglottal pressures during vocal fold closing from direct measures of subglottal pressure, intraglottal velocity fields, and intraglottal geometry in excised canine larynges with no vocal tract.
Flow separation in the glottis occurs when the airflow cannot follow the glottal wall. During the opening phase, the glottis takes on the shape of a converging nozzle and the airflow is attached to the entire medial surface of the vocal folds; in this case, all theoretical models assume that the flow separates from the superior surface of the vocal folds at the glottal exit. During the closing phase, the glottis takes the shape of a diverging nozzle. As the diverging angle of the duct exceeds a certain value, the flow cannot follow the glottal wall and will separate from the medial surface inside the glottis.
The assumptions about flow separation and the intraglottal velocity fields vary between analytical and computational models when the glottis is divergent. These assumptions affect the values of the associated intraglottal pressures and can be broadly classified into three types: the first model assumes that flow separation occurs at the glottal exit (e.g., Ishizaka and Matsudaira, 1972) . This assumption implies that Bernoulli's law can be used to compute the pressure distribution throughout the entire glottis. Therefore this model predicts that the intraglottal pressure is more negative at the inferior aspect of the glottis than the superior aspect during closing. Negative pressure refers to the gauge pressure, or pressure relative to atmospheric pressure. The second model (e.g., Pelorson et al., 1994) assumes that intraglottal flow separation occurs but that the pressures downstream of the location where the flow separates are equal to atmospheric pressure. In this type of model, Bernoulli's law can still be used upstream of the point of flow separation. Thus the intraglottal pressures will be determined by the location of the separation. The third model assumes that the flow separation occurs inside the glottis, resulting in negative pressure near the superior edge of the glottis produced by the flow separation vortices (Khosla et al., 2007) ; however, this approach only proposes qualitative information about the pressure (e.g., the pressure is more negative in the superior aspect when flow separation occurs) since it was based on flow measurements taken above the glottis.
The assumption behind the third model is supported by the intraglottal pressure measurements in the excised hemilarynx of Alipour and Scherer (2000) , in the static mechanical model of Alipour and Scherer (2002) , and the computational work of Mihaescu et al. (2010) . All these studies showed that during the closing phase, significant negative pressures form near the superior aspect of the glottis. Titze (1988) suggested that small magnitude of negative pressure might form near the superior aspect of the folds due to the inertia forces from the vocal tract that are acting on the glottal jet. In our current studies and in the case of Alipour and Scherer (2000) and Mihaescu et al. (2010) , a vocal tract is not used; therefore if negative intraglottal pressures exist, inertance effects cannot explain the mechanism. Our hypothesis is that during the closing phase, intraglottal negative pressures are produced near the superior aspect of the folds due to the flow separation mechanism and in particular the flow separation vortices that are forming. This hypothesis is tested in the current study by computing the intraglottal pressure distributions from flow velocity measurements taken using particle image velocimetry (PIV). While PIV measurements have been used to measure intraglottal velocity fields in the excised canine larynx Oren et al. 2014 ) and in cam driven models (Triep and Brücker, 2010) , this is the first study to use the derived velocity fields to compute intraglottal pressures in an excised canine larynx or the dynamic mechanical model. Results from five canine larynges are shown and further innovations are discussed. The computed intraglottal pressures are also compared to actual intraglottal pressures measurements in a hemilarynx model.
Methods
Five excised larynges were harvested from shared research mongrel canines immediately after the animals were euthanized. All cartilage and soft tissue above the vocal folds were removed in order to produce an unobstructed view of the folds. Adduction of the folds was obtained by placing a suture through both vocal processes at the same level. The trachea was fitted over an aerodynamic nozzle that conditioned (i.e. laminarize) the airflow entering the glottis. Detail description of the experimental setup and the nozzle can be found in Oren et al. (2014) .
Time-resolved PIV measurements were performed in the mid-membranous plane, defined as the halfway point between the anterior commissure and vocal process. A total of 2000 PIV images were taken at a sampling rate of 5 kHz with a spatial resolution of 83 pixel/mm. Velocity measurements were taken by illuminating the flow field with the laser from above the larynx and placing the PIV camera above the vocal folds (in the x-z plane) at an oblique angle of 401 relative to the x-y plane. Projecting the laser sheet from above the larynx enabled to take intraglottal velocity measurements because of the divergent shape of the glottis during closing. The entire glottal velocity field (at the mid-membranous plane) cannot be measured during opening due to the convergent shape of the glottis. Fig. 1 depicts schematically the intraglottal flow measurement (for an arbitrary phase during closing phase). It also defines the coordinate system where the z-plane is directed out of the page. The velocity components are defined as u, v, and w in the x, y, and z directions, respectively.
The glottal opening was captured with a high-speed (HS) video camera using 25.5 pixel/mm resolution. The camera was placed approximately 80 cm above the glottis and a total of 14,000 images were taken for each case at a sampling rate of 20 kHz. The acquisition of the glottal opening images was synchronized with the acquisition of the PIV images based on the TTL signal of both cameras.
An electroglottograph (EGG) was used to determine the beginning of the glottal opening by attaching its electrodes to the cricoid. The EGG signal was also used to determine the phase of each PIV and HS image by matching its time derivative to the TTL signal recorded from the cameras. The phase of the glottal cycle is defined by θ varying from θ¼01 to 3601 at the beginning of superior edge opening, as determined from the HS images of the glottal area.
The upstream static pressure was measured inside the nozzle using a pressure transducer (Honeywell, FPG). The pressure measurement inside the nozzle was used as the value for the subglottal pressure, P SG . The sampling rates for the pressure transducer, EGG, and TTL signals, were 200 kHz using a National Instrument data acquisition system (NI, PXIe-6356). The timing of the PIV, high-speed images, and data acquisition was synchronized using a shared reference clock.
Pressure computations from PIV
The intraglottal pressure distribution of the glottal flow field was calculated from the velocity measurements using the pressure Poisson equation for incompressible flow. This method of calculating pressure values from PIV data was shown to have good agreement with direct measurements (de Kat and van Oudheusden, 2012) . The pressure Poisson equation is derived from the inviscid NavierStokes equations by applying the divergence operator and simplifying using the continuity equation for steady flow (Anderson and Wendt, 1995) :
where the right hand side of the equation can be solved using the velocity data obtained by PIV. In order to solve the pressure Poisson equation, which is an elliptic equation, the boundary conditions must be known. In case of the glottal flow, the boundary conditions are the pressure conditions specified upstream, downstream, and on the glottal wall. The inferior pressure (P INF ) was applied as the upstream boundary. It was computed from the subglottal pressure, (P SG ), which was measured inside the nozzle, using Bernoulli's equation
P INF and P SG are shown in Fig. 1 . The use of Bernoulli's equation is based on the assumption that the airflow inside the nozzle and in the subglottal region is steady and laminar. Q is the measured flow rate, which was measured upstream using a flow meter (MicroMotion Inc, CMF025 Coriolis Flow Meter). A SG and A INF are the areas inside the Fig. 1 . Schematic of the PIV measurement at the mid-membranous plane (showing for an arbitrary phase during closing). The z-axis is pointing out of the page. u, v, and w are velocity components in the x, y, and z directions, respectively. The PIV camera is located on the x-z plane, anterior and superior to the larynx. The laser sheet is projected from above the larynx in the x-y plane. The inferior edge of the can be identified by the collimation of light. P SG is the subglottal pressure, which is assumed to be the same as the pressure measured in the nozzle. P INF is the pressure at the inferior edge, which is computed according to Eq. (2).
nozzle and the minimum subglottal opening area (measured from the HS images at the inferior aspect of the folds during closing), respectively. The pressure at the downstream (upper) boundary, located at the highest axial location of the PIV measurements, was assumed to be atmospheric. This was typically 3-4 mm above the superior edge of the folds in the excised larynx. The pressure gradient normal to the wall was assumed to be zero (dP =dn ¼ 0).
In order to use the Poisson equation to compute the pressure from the velocity data, several assumptions have been made about the intraglottal flow. The first assumption was that the flow at the mid-membranous plane was planar. Khosla et al. (2008) measured the flow velocity in the sagittal and transverse planes immediately above the folds. They showed that w ¼0 directly above the folds and is negligibly small even at 10 mm above the folds. Scherer et al. (2010) estimated in a computational static model that near the posterior/anterior edges of the folds the magnitude of the outof-plane velocity (w) could be no more than 10% of the axial velocity magnitude. Scherer's model also predicted that w¼ 0 in the mid-membranous plane. Therefore it is reasonable to assume that during vibration, the intraglottal flow is two-dimensional in the coronal plane at the mid-membranous point; however this assumption would not be reasonable if the pressure was computed near the vocal process or anterior commissure or if it was measured at 1 cm above the folds. Thus the computations in this paper only refer to the velocity and pressures inside the glottis at the mid-membranous plane.
Another assumption made in order to solve the pressure Poisson equation assumes that the normal pressure gradient is zero at the wall (dP=dn ¼ 0); the underlying assumption is that the velocity of the glottal wall is much less than the velocity of the jet. Note that due to the small angular change in mid-membranous plane, dn % dy. In our cases, the mean velocity of the glottal wall, which can be considered as the transverse velocity of the flow at the wall (v), was about 1 m/s (also shown by Döllinger et al., 2005) . Since the velocity of the jet (about 40-50 m/s) is more than an order of magnitude larger than the velocity if the glottal wall, the dP =dn ¼ 0 assumption is reasonable.
The derivation of the pressure Poisson equation also assumes that there is no unsteady component (∂V/∂t ¼0) in the flow. Applying this assumption for the glottal flow is based on the quasi-steady approximation. The quasi-steady approximation describes the unsteady flow as a series of steady flows with time varied wall geometry (i.e. boundary conditions) and assumes that acceleration effects in the flow can be neglected. Krane et al. (2010) argued that the quasi-steady assumption is valid for the glottal flow when the convective acceleration is much greater than temporal acceleration, and the assumption cannot be used during the beginning of opening and the rapid shutoff phases (Krane et al., 2007; Mongeau et al., 1997; Zhang et al., 2002 ). In the current study, the quasi-steady assumption was used for calculating the pressure only during closing phase, prior to the rapid shutoff phase. The assumption of ∂V =∂t ¼ 0 was also needed because the 5 kHz acquisition rate of the PIV was not sufficed to capture the changes in the temporal dynamics of the flow.
The sensitivity of the pressure computations to the location of the upper boundary atmospheric pressure condition was determined by comparing the computed pressure results when the upper boundary was moved from the glottis exit to 5 mm above it. The resulting difference between upper boundary placements at 3 mm above the glottis to 5 mm were less than 10%.
Results
Phonation in each larynx was tested at three subglottal pressures: low, medium, and high. The data acquisition was initiated about 10 s after the onset of phonation to allow for the vibration frequency to stabilize. The main experimental parameters are summarized in Table 1 .
The velocity field of the glottal flow and the corresponding pressure distribution at low subglottal pressure in larynx L1 (P SG ¼10.0 cm H2O, θ ¼ 1971) are shown in Fig. 2 . The phase shown occurred in the middle of the closing cycle (1501 oθ o 2501 ). At low P SG there was a minimal lateral displacement of the folds and consequently a minimal divergence angle was formed in the glottis during closing. As a result, the glottal flow did not separate from the glottal wall during closing (Fig. 2a) . The corresponding intraglottal pressure distribution shows that the pressure was nearly atmospheric at the superior edge (Fig. 2b) .
The intraglottal velocity field and pressure distribution for three phases during closing (θ¼1281, 1351, and 1371) for larynx L1 at high subglottal pressure (P SG ¼25.5 cm H 2 O) are shown in Fig. 3 . The images were taken during a single cycle (i.e. from consecutive PIV images). At high P SG there was a greater displacement of the folds laterally and a larger divergent angle was formed in the glottis during closing. At the beginning of closing, the flow separated at the glottal exit (Fig. 3a) and the computed pressure at the superior edge was nearly atmospheric (Fig. 3b) . This is similar to what is shown for the low P SG condition in this larynx. The divergence angle in the glottis started to increase during the middle of closing (θ¼ 1351, Fig. 3c ) and the glottal flow separated from the left wall. Entrainment flow entered the glottis into the void that was formed between the wall and the jet. Fig. 3c shows that the entrainment near the superior edge developed into a vortex. The corresponding pressure computations show that negative pressure was formed near the superior aspect of the fold (Fig. 3d ) and the lowest (negative) value, À 8.8 cm H2O, to occur inside the vortex. In the current case shown for L1, the maximum flow separation in the glottis occurred around θ¼1371 (Fig. 3e) . The size of the vortex near the left fold continued to grow and the lowest negative pressure at the superior edge was computed to be À 14.6 cm H2O (Fig. 3f) .
The values computed for the intraglottal pressure distributions are based on the assumptions discussed in Section 3, one of which was the quasi-steady approximation. Krane et al. (2010) argued that the quasi-steady assumption is invalid at the final phase of closing, which they identified to begin when the rapid drop in the centerline velocity occurs. This centerline velocity, U cl , in larynx L1 at high P SG is shown in Fig. 4 . U cl is taken as the (instantaneous) maximum velocity in the jet measured at the glottal exit. Also plotted in Fig. 4 is the corresponding lowest negative pressure value computed near the superior aspect. The region marked by the dashed area is when the quasi-steady assumption is no longer valid and the uncertainty of the pressure calculations in this region is not known. Note that the lowest values of the negative pressure in the glottis occurred when the quasi-steady assumption is still valid. The evolution of the negative pressure near the superior aspect of the folds during closing is shown in Fig. 5 for the five larynges at the low, medium, and high P SG . Each symbol in the scatter plots indicates the value for the most negative pressure that was computed inside the glottis. The values always occurred near the superior aspect of the folds and downstream of the location where the flow separated. The figure shows that the magnitude, the duration, and the waveform of the negative pressure that develops in the glottis during closing are dependent on the larynx and P SG . The duration of the closing phase, which is shown as the horizontal bars, also varied between the larynges. The vertical line on each bar marks the juncture in closing where the quasi-steady assumption was invalid (based on the drop in U cl ). Fig. 5 also shows that the negative pressure in the glottis did not begin to develop at the onset of closing, rather it developed when the entrainment flow begun to enter the glottis.
At low P SG , the lowest negative pressures in larynges L3-L5 were À2.8, À 1.0, and À 1.5 cm H 2 O (Fig. 6a) . Intraglottal negative pressures were not observed in L1 and L2 because the flow did not separate from the glottal wall (see Fig. 2 ).
At high P SG , the most negative pressure values for larynges L1-L5 were: À 14.6, À 5.6, À 7.9, À13.6, and À 12.2 cm H 2 O, respectively (Fig. 5c) . These magnitudes were similar to the negative pressures in the hemilarynx of Alipour and Scherer (2000) , who measured À 6.0 and À 15.5 cm H 2 O at the superior aspect for subglottal pressures of 25 and 27 cmH 2 O. Negative pressures were also computed for the medium P SG in larynges L1-L5 with the most negative values of À 8.6, À 2.6, À 4.7, À 3.9, and À 5.7 cm H 2 O (Fig. 5b) . In all cases, the peak values of the negative magnitude were computed when the quasi-steady approximation was still valid.
Following their peaks, the magnitude of the intraglottal negative pressure was reduced as the divergence angle between the folds was decreased and less entrainment entered the glottis. The pressure values shown in Fig. 5 that were computed close to the end of closing phase have higher uncertainty because the quasi-steady assumption is invalid at this phase.
The pressure waveforms in Fig. 5 occurred at different phases of the glottal cycle due to the different durations of the opening, closing and closed phases of the glottal cycle. Larynges L2 and L3 were characterized with a very short closed phase (i.e. the duration in which the folds are fully adducted) compared to Larynges L4 and L5. However, the occurrence of the negative pressure inside the glottis was always at the mid-to-end phase of closing.
The instantaneous velocity fields where the lowest negative pressure occurred for larynges L2-L5 in high P SG are shown in Fig. 6 (L1 is shown in Fig. 3f) . In all cases the most negative pressure occurred when a flow separation vortex was present near the superior aspect of the fold. The lateral distribution of the pressure along the dashed line, which mark the superior aspect of the fold, is shown at the bottom of each image. The images show that while there was a significant change in the transglottal pressure (going from P INF to the superior aspect of the fold), the lateral distribution of the pressure in the glottis was more constant; the most negative pressure was computed at the center of the vortex or at the center of the entrainment flow and the magnitude remained nearly the same at the adjacent wall. Fig. 7 shows the lowest negative pressure that occurred near the superior aspect as a function of P SG . The red solid line marks the linear regression fit to the data. The figure shows that the magnitude of P SG was correlated with the magnitude of the intraglottal negative pressure. Higher P SG magnitudes increased the velocity of the glottal jet and the lateral displacement of the folds. The latter resulted in a larger divergence angle of the folds. Both factors then augmented the entrainment flow and the strength of the vortical flow within the separated region, which were directly related to the negative pressure magnitude. 
Discussion and conclusion
The present study is the first to report the intraglottal pressure distribution in a tissue model with both vocal folds. The results from five canine larynges show that negative pressures are formed near the superior aspect of the folds when intraglottal flow separation occurs. The values of the negative pressure are in general agreement with those previously reported in an excised canine hemilarynx model (Alipour and Scherer, 2000) . These negative pressures cannot be explained by Titze (1988) , who suggested that intraglottal negative pressure can develop due to the inertia forces in the vocal tract, because a vocal tract was not used in the current study or the hemilarynx model. The significance of the current study is that it shows how intraglottal flow separation and vortices can produces negative pressure near the superior edge.
At low subglottal pressures, the divergence angle of the folds during closing was minimal and the intraglottal flow did not separate from the folds, which yields pressure that was nearly atmospheric near the superior edge. As the subglottal pressure was increased, the divergence angle increased and the flow separated from the glottal wall. External flow then entrained into the area between the separated flow and the wall and consequently induced negative pressure near the superior aspect of the fold. At high subglottal pressure, the entrainment may roll into vortices, which amplified the magnitude of the negative pressure.
In some of the cases shown above there was a noticeable asymmetry in the motion of the vocal fold. As a result, the flow distribution was not symmetric (e.g., vortex formed only on one side of the glottal jet, Fig. 3e ), or the (lateral) pressure distribution in the glottis was not symmetric (e.g., Fig. 5c ). It is likely that the apparent asymmetry was localized to the medial plane of measurement and may stem from the inherent quality of the PIV data near the wall. The motion of the folds was viewed as symmetric when observed from above using the HS camera.
Further work is needed in order to better understand how the magnitude and duration of the intraglottal negative pressure affect the closing mechanism of the folds. The relative importance of vocal fold elasticity and the glottal wall dynamics are currently being investigated. These factors, together with the suction force, which is created by the negative pressure near the superior aspect of the fold, would then be used to model the closing mechanism of the folds.
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